The general properties of the heat shock response in Pseudomonas aeruginosa were characterized. The transfer of cells from 30 to 45°C repressed the synthesis of many cellular proteins and led to the enhanced production of 17 proteins. With antibodies raised against the Escherichia coli proteins, two polypeptides of P. aeruginosa with apparent molecular weights of 76,000 and 61,000 (76K and 61K proteins) were shown to be analogous to the DnaK and GroEL heat shock proteins of E. coli due to their immunologic cross-reactivity. The major sigma factor (a787) of P. aeruginosa was shown to be a heat shock protein that was immunologically related to the Or70 of E. coli by using polyclonal antisera. A hybridoma was produced, and the monoclonal antibody MP-S-1 was specific for the (787 and did not cross-react with (770 of E. coli. A smaller 40K protein was immunoprecipitated with RNA polymerase antisera from cells that had been heat shocked. The 40K protein was also associated with RNA polymerase which had been purified from heat-shocked cells and may be the heat shock sigma factor of P. aeruginosa. Exposure to ethanol resulted in the production of seven new proteins, three of which appeared to be heat shock proteins.
Exposure of cells to rapid upward shifts in temperature induces or accelerates the rate of synthesis of a set of proteins termed the heat shock proteins. The heat shock response is exhibited by a wide range or organisms belonging to the eucaryotic, eubacterial, and archaebacterial kingdoms. Furthermore, a number of heat shock proteins are highly conserved across kingdom boundaries (7, 27, 32) . Other forms of environmental stress, such as ethanol and oxidizing agents, also induce a characteristic set of proteins, some of which appear to be the same as heat shock proteins (19, 29, 40) .
In Escherichia coli, the heat shock response is characterized by an increase in the rate of synthesis of 17 proteins (32) . One of these proteins has been identified as the sigma factor (uf70) of RNA polymerase (16) . An alternative sigma factor (au32), the product of the regulatory gene rpoH, is involved in RNA polymerase recognition of the heat shock promoters (6, 17) . These promoters have a consensus sequence (TNTCNCCCTTGAA in the -35 region and CCC CATTT in the -10 region) which differs from the sequence recognized by the major sigma factor (uY70) (9) .
Pseudomonas aeruginosa genes are usually poorly expressed in E. coli (3, 21, 28) . Fusion of the gene from P. aeruginosa to an E. coli consensus promoter resulted in increased expression of the heterologous DNA in E. coli (14, 21, 41) . This suggested that the barrier to expression was at the level of transcription. The production of heat-shock proteins is regulated, at least in part, at the level of transcription. In order to more thoroughly understand the process of transcription in P. aeruginosa, we have studied its heat shock response.
MATERIALS AND METHODS
Bacterial strains and culture conditions. AK1012, a lipopolysaccharide-defective mutant of P. aeruginosa PAO (20) , and E. coli JM83 (42) were used in this study. Bacteria were grown in 10 ml of M9 salts medium (30) supplemented with * Corresponding author. 0.05% (wt/vol) Casamino Acids (Difco Laboratories, Detroit, Mich.) in a Gyrotory waterbath shaker (New Brunswick Scientific Co., Inc., Edison, N.J.) at 200 rpm. The medium for E. coli was also supplemented with L-proline (50 jig/ml) (Sigma Chemical Co., St. Louis, Mo.).
Labeling of cells and heat shock. Bacteria were grown at 30°C to an optical density at 650 nm (OD650) of 0.4. The cells were dispensed in 0.5-ml portions into test tubes (13 by 100 mm), shifted to 45°C, and shaken at 50 rpm. The 0.5-ml cultures took 1 min to reach the higher temperature. At timed intervals, the cell suspensions were pulse-labeled with 5 VLI of trans-35S label (ca. 10 mCi/ml, 1,100 Ci/mmol; ICN Biomedicals Canada Ltd., Montreal, Quebec, Canada) for 1 min and chased for 1 min with 0.5 ml of temperatureequilibrated medium supplemented with 400 ,ug of L-methionine (Sigma) per ml. Protein synthesis was stopped by the addition of 0.1 ml of ice-cold chloramphenicol (2.5 mg/ml in ethanol), and the samples were immediately transferred to an ice bath. The cells were harvested by centrifugation at 12,000 x g for 5 min and then suspended in sample buffer (10% [vol/vol] The effect of rifampin on the induction of heat shock proteins was studied by the addition of 200 ,ug of rifampin (Sigma) per ml, in methanol, to the culture 1 min before the temperature shift.
Ethanol treatment. P. aeruginosa was grown at 30°C to an OD650 of 0.4, and ethanol was added to 4% (vol/vol).
Cultures were pulse-labeled and analyzed for labeled proteins as described above.
Gel electrophoresis. Except where indicated, SDS-polyacrylamide gel electrophoresis was through 1.5-mm-thick slab gels of 10% acrylamide overlaid with 4.5% stacking gels prepared following the procedures described by Laemmli (23) . Electrophoresis was carried out at room temperature and a constant 100 V until the tracking dye entered the resolving gel, at which time the voltage was increased to 125 V. The protein molecular weight markers (Bio-Rad Laboratories, Richmond, Calif.) were lysozyme (Mr 14,400), soybean trypsin inhibitor (21,000), carbonic anhydrase (31,000), ovalbumin (45,000), bovine serum albumin (66,200), phosphorylase B (92,500), 3-galactosidase (116,250), and myosin (200,000). Gels were stained with Coomassie blue R250 dye (0.5 mg/ml) in 50% methanol-7.5% acetic acid and destained with 25% ethanol-12.5% acetic acid. The gels were then dried and exposed to Cornex X-ray film (E. I (39) . Monoclonal antibody binding was detected by incubation with peroxidase-conjugated goat anti-mouse immunoglobulin (IgG) and IgM (Jackson Immunoresearch Lab., Inc., West Grove, Pa.) diluted 2,500 times in phosphate buffered saline-0.3% bovine serum albumin (BSA)-0.05% Tween 20. Bound peroxidase was detected by using 4-chloro-1-naphthol (500 ,ug/ml) and 0.0125% hydrogen peroxide in 0.05 M Tris, pH 7.6. Polyclonal antibody binding was detected by using alkaline phosphatase-conjugated goat anti-rabbit IgG (BIO/CAN) diluted 7,500 times in phosphate buffered saline-0.3% BSA-0.05% Tween 20. Bound alkaline phosphatase was detected by development with nitro blue tetrazolium (300 ,ug/ml) and 5-bromo-4-chloro-3-indolyl phosphate (150 jig/ml) in 100 mM NaCl-5 mM MgCl2-100 mM Tris hydrochloride (pH 9.5) (BIO/CAN Scientific Inc., Mississauga, Ontario, Canada).
Immunoprecipitation assay. Cultures of P. aeruginosa and E. coli were grown, heat-shocked for 10 min, and radiolabeled as described above. The cells were collected by centrifugation (15,000 x g, 5 min, 4°C) and washed twice with M9 salts medium, and the pellets were stored at -70°C. Cells from 2 ml of culture were lysed by suspension in wash buffer (0.05 M Tris hydrochloride [pH 8 .0], 0.45 M NaCl, 2%
[vol/vol] Triton X-100) containing lysozyme (2 mg/ml) and incubation for 30 min on ice. The samples were sheared by 10 passages through a Pasteur pipette and centrifuged at 15,000 x g for 30 min at 4°C. The supernatant was saved, and 25 ,ul of staphylococcal cells (Formaline-fixed Staphylococcus aureus cells: Bethesda Research Laboratories, Gaithersburg, Md.) which had been washed with wash buffer and suspended in the same buffer containing BSA (1 mg/ml) was added to the samples. The samples were left on ice for 30 min and then centrifuged at 15,000 x g for 5 min to remove particulate and nonspecifically bound material. After the addition of antiserum at a final dilution of 1:1,000, the samples were incubated on ice for 2 h. S. aureus cells (25 RI) were then added, and after an additional 30 min on ice the S. aureus immunocomplex was collected by centrifugation and the supernatant was discarded. The precipitate was washed three times in wash buffer, suspended in protein sample buffer, mixed vigorously, and heated for 2 min in a boilingwater bath. The extract was centrifuged, and the supernatant was subjected to SDS-polyacrylamide gel electrophoresis. The gel was stained and destained as described previously and subjected to autoradiography.
Purification of RNA polymerase of P. aeruginosa. To determine which heat shock proteins copurify with P. aeruginosa RNA polymerase, 4 ml of a P. aeruginosa culture was grown to an A650 of 0.4. This culture was divided into two portions, and one half was heat-shocked for 10 min. Both samples were radiolabeled as described previously. The radiolabeled cells were pelleted and added to 12 g (wet weight) of unlabeled P. aeruginosa. RNA polymerase was purified as described by Allan and Kropinski (1) . The fractions from the heparin-agarose column were analyzed on denaturing 10% polyacrylamide gels. This purified RNA polymerase was used to immunize mice for the production of monoclonal antibodies.
RESULTS
Transient heat shock response in P. aeruginosa. When a log-phase culture of P. aeruginosa that had been grown at 30°C was transferred to a higher temperature (45°C), there was a transient perturbation in the growth rate as measured by an increase in A650. This was followed by the establishment of a growth rate appropriate to the new temperature (Fig. 1) .
During the first 5 min after the heat shock, the total rate of protein synthesis, as measured by incorporation of
[35S]methionine and cysteine into trichloroacetic acid-precipitable material, increased 1.25-fold (Fig. 1) . Between 5 and 10 min after heat shock, the rate of protein synthesis declined and leveled off at a rate slightly greater than the original rate.
Analysis by SDS-polyacrylamide gel electrophoresis of cells pulse-labeled prior to and after thermal shock revealed that the cells responded to heat shock by transiently synthesizing a set of proteins which had either not been produced previously or had been produced at low levels (Fig. 2) . Heat shock proteins were detected as early as 2 min after the transfer of the cells to the higher temperature. At least 17 polypeptides (Table 1) with apparent molecular weights 15,700 to 103,000 were discerned after 10 min of heat shock. To determine whether induction of the heat shock response occurred at the level of transcription or translation, rifampin, an inhibitor of transcription, was added to the culture before the temperature shift. No appreciable induction of heat shock proteins was observed when 200 jig of antibiotic per ml was present 1 min before the temperature shift.
Induction of heat shock proteins by ethanol. Other types of environmental stimuli can stimulate the production of a family of proteins, including some of the heat shock proteins (2, 33, 40) . We examined growing cultures of P. aeruginosa which had been exposed to 4% (vol/vol) ethanol to determine whether the production of a group of proteins was enhanced. The production of 91, 86, 76, 70, 37.5, 31, and 21.5K proteins was increased in the presence of ethanol. This induction occurred over an extended period of time, since no proteins were observed until 4 min after exposure to ethanol. The 37.5, 31, and 21.5K proteins were not observed until 10 min after induction. The ethanol response lasted at least 60 min. Of the seven ethanol-induced proteins, only three (91, 76, and 70K) were tentatively identified as heat shock proteins on the basis of their similar apparent molecular weights.
Isolation of hybridomas specific for sigma factor. In our initial screening of culture supernatants by ELISA, 40 hybridomas were identified as secreting antibodies that interacted with purified RNA polymerase. Subsequent Western immunoblot analyses revealed that nine hybridomas were monospecific against sigma factor uJ87; three that gave the strongest intensities in the blots were subcloned twice by limiting dilutions and designated as monoclonal antibodies MP-S-1, MP-S-2, and MP-S-3. The monoclonal antibody MP-S-1, which was shown to be of the IgGl isotype by antibody subtyping assays, was used to characterize the sigma factors. From the immunoblot assays, other monoclonal antibodies that interacted monospecifically with the 1P subunit, with both 1B and ( subunits, or with both cr and ot subunits were also identified. The characterization of this latter group of hybridomas will be described in detail elsewhere (manuscript in preparation).
Identification of conserved heat shock proteins. A comparison of the relative amounts and molecular weights of the aeruginosa.. E. coli cells were labeled at 30'C (A) and 10 min after being shifted to 450C (B). P. aeruginosa cells were labeled 10 min after being shifted to 450C (C) and at 30'C (II). major heat shock proteins of E. coli and P. aeruginosa revealed a similar pattern of four major high-molecularweight heat shock proteins (Fig. 3) . To determine whether these proteins showed amino acid sequence conservation between the two bacterial species, Western blot analysis was carried out with antibodies prepared against the E. ccli a b c GroEL and DnaK proteins (Fig. 4) . The proteins in E. coli which reacted with the anti-GroEL and anti-Dnak antibodies were apparently 61K and 74K proteins, respectively. These values differ from the reported values of 62,883 and 69,121, which were based on sequence analysis of the genes. This difference presumably reflects variation between the apparent size of the proteins determined by SDS-polyacrylamide gel electrophoresis and the actual size based on nucleic acid sequence analysis. The antibody against the GroEL protein of E. coli reacted with a protein of the same size in both P. aeruginosa and E. coli. Anti-DnaK antibody detected a protein in P. aeruginosa that was slightly larger than that detected in E. coli. Both of these proteins were present in heat-shocked and in control cultures. However, based on the increased levels after heat shock, these two proteins were clearly heat shock proteins (Fig. 3) . In addition, this study showed that DnaK and GroEL were conserved between the two bacterial species.
Identification of the sigma factor. In E. coli, the major sigma factor (a70) of the DNA-dependent RNA polymerase is a heat shock protein (16) . The a"70 is a 90K protein on SDS-polyacrylamide gels but has an actual molecular weight of 70,263 as determined from the DNA sequence (8) . To determine whether the sigma factor of the RNA polymerase of P. aeruginosa, which has an Mr of 87,000 (1), was a heat shock protein, a monoclonal antibody for this protein was used to probe Western blots. The monoclonal antibody against the sigma factor reacted with an 86.4K protein in P. aeruginosa (Fig. 4) . It was present in both heat-shocked and control cells, but as shown in the autoradiograph, it was a thermally induced protein. This monoclonal antibody failed to react with the sigma factor of E. coli. Polyclonal antibody raised against purified RNA polymerase from P. aeruginosa was used to immunoprecipitate proteins from E. coli and P. aeruginosa cells which had been pulse-labeled prior to or after a 10-min heat shock. The subunits were identified by comparison with purified RNA polymerase stained with Coomassie blue. In contrast to the monoclonal antibody, this antibody recognized the a370 of E. coli as well as the u87 of P. aeruginosa. The sigma factors of both E. coli and P. aeruginosa were present in higher quantities in the heat-shocked cells (Fig. 5 ) and are heat shock proteins. The ,B', ,and (x subunits of P. aeruginosa are not heat shock proteins, and indeed their synthesis is repressed following heat shock. This is similar to the situation that has been observed in E. coli (36) .
In E. coli, a second sigma factor ((2) (17) recognizes promoters of the heat shock proteins and regulates the heat shock response (35) . Levels of this protein increase in response to temperature shift-up (18) , even thought it is not technically defined as a heat shock protein (11) . Because the amino acid sequence of the &32 protein and that of the major E. ccli u70 protein were shown to exhibit homology (25), we postulated that antibodies raised against the purified RNA polymerase of P. aeruginosa would detect an additional subunit of RNA polymerase after a shift to a higher temperature. A new band with an Mr of 40,000 was observed in the immunoprecipitation of heat-shocked P. aeruginosa (Fig. 5) . By analogy with the work on E. coli, we postulate that this may represent the heat shock sigma factor of P. aeruginosa. In addition to this band, two high-molecular-weight bands at the positions of known prominent heat shock proteins were observed. The major band in both the control and heatshocked cells was that of GroEL; however, this protein was also precipitated by the preimmune serum (data not shown).
Seven radiolabeled proteins, 91, 87, 84, 78, 63, 40, and 38.5K proteins, copurified with RNA polymerase from P. aeruginosa that had been heat-shocked and radiolabeled (Fig. 6) . The ', , and ox subunits of RNA polymerase were not radiolabeled in the heat-shocked cells. This confirms the previous observation that they are not heat shock proteins. The new band at 40K, which did not appear in the control polymerase preparation, may be analogous to u2 in E. coli. It was not possible to eliminate the 38.5K band, which was present in both heat-shocked and control cells, as the new sigma factor. Other proteins were present in both the heatshocked and control RNA polymerase. These bands have not been identified. DISCUSSION We characterized the heat shock response of P. aeruginosa and observed many shared properties with the welldescribed response in E. coli. These similarities include the kinetics of induction, the ability of ethanol to induce production of heat shock proteins, and the immunologically conserved nature of several proteins.
Synthesis of at least 17 proteins is transiently induced upon the temperature shift-up of P. aeruginosa cells ( Table  1 ). The induction of protein production is quite rapid. New proteins were seen as soon as 1 min after shift-up despite the fact that it took 1 min for the culture to reach the higher temperature. The addition of rifampin prior to the temperature shift-up prevented the induction of the heat shock response and suggested that this effect, as in E. coli (43), is controlled at the level of transcription. Four times more rifampin was required in P. aeruginosa than in E. coli to suppress induction of heat shock proteins. This may reflect differences between the two bacterial species with respect to cellular permeability to this antibiotic.
It has been observed that the bacterial heat shock response can be triggered by a number of environmental stimuli other than temperature shift-up. Exposure to ethanol resulted in the enhanced production of a set of seven proteins that included three heat shock proteins. One of these was identified by immunological cross-reactivity as the DnaK protein. This suggests that the DnaK protein may play a role in the regulation of the response to both of these stimuli.
Four major heat shock proteins of similar size were produced by P. aeruginosa and E. coli. Because the 61K P. aeruginosa heat shock protein cross-reacted with anti-E. coli GroEL serum, it has been identified as a GroEL-like protein.
The GroEL protein has been conserved in several bacterial species, including Bacillus subtilis (2) and Caulobacter crescentus (13) . The role of the GroEL protein in the heat shock response has not been determined, but it is known to play a role in the morphogenesis of coliphage and also to be essential for growth of bacterial cells (32) . It is of interest that in most of our gel analyses of the heat shock response of E. coli JM83, the GroEL protein appeared as a doublet.
A second major heat shock protein of P. aeruginosa was found to be immunoreactive to antibodies against the DnaK protein of E. coli. This 76K protein was larger than the DnaK protein of E. coli (74K protein in our gel system). Like the GroEL protein, this protein is also conserved in other bacterial species (2, 13) . In addition, sequence analysis has shown up to 50% homology between the E. coli dnaK gene and hsp-70 of Drosophila melanogaster (4). This protein (hsp-70) is highly conserved in other eucaryotic organisms, from yeast to humans (22) . The DnaK is a negative modulator of the heat shock response (38) , which functions to repress the translation of rpoH mRNA (18 Many sigma factors, including those from E. coli, B. subtilis, phage SPOl, and phage T4, contain homologous regions (10, 15, 34) . The conserved areas may be involved in core binding and promoter recognition (15, 34) . The 87 of P. aeruginosa was cross-reactive with the Cr70 of E. coli when polyclonal antibody raised against RNA polymerase of P. aeruginosa was used. This was not observed when Western blot analysis was carried out with a monoclonal antibody (MP-S-1) to the 787. This monoclonal antibody appears to be directed against an epitope which the two proteins do not share. Purification of the a87 and amino acid analysis will be necessary to determine the extent of homology between a87 and other sigma factors.
E. coli produces a sigma factor (a2) that functions to control the heat shock response. This control has been attributed to its overproduction in response to the stimulus of heat (18, 37) and its recognition of a subset of promoters (12, 17) . In E. coli the (732 and (70 proteins have common amino acid sequences (25, 44) , and we postulated that if a similar situation existed for P. aeruginosa, we would be able to detect its heat shock sigma factor in samples of heatshocked cells by immunoprecipitation with antibodies raised against the RNA polymerase holoenzyme. We have identified a putative new 40K sigma factor in the immunoprecipitate from P. aeruginosa cells which had been heat-shocked for 10 min. Control cells did not yield this protein. In addition, a protein with a similar Mr was found to copurify with RNA polymerase from heat-shocked cells. In E. coli the production of 732 is a transient event (26, 35) that peaks about 5 min after a temperature shift-up. Since the half-life of the C32 iS approximately 1 min (18), it is possible that an enhanced response would have been observed if the experiments had been carried out at an earlier time after heat shock. Until this protein has been purified and heat shock promoters of P. aeruginosa have been cloned, it will not be possible to determine whether this protein plays a role in the regulation of the heat shock response.
